The tetracyclic pyrido [4,3-b]carbazole olivacine and four of its oxygenated derivatives have been synthesized by a late-stage palladium-catalyzed Heck-type cyclization of the pyrrole ring as a key step. In a test for the inhibition of the growth of Mycobacterium tuberculosis, 9-methoxyolivacine showed the most significant inhibitory activity against Mycobacterium tuberculosis, with an MIC 90 value of 1.5 µM.
Introduction
The pyrido [4,3-b] carbazole alkaloid olivacine (1, Figure 1 ) was first isolated in 1958 by Schmutz et al. [1] , and its structural assignment was confirmed by total synthesis only two years later [2] . The tetracyclic alkaloid 1 and many structurally related compounds, for example the isomeric natural product ellipticine (2) , show useful biological activities, such as anti-tumor activity, based on DNA intercalation, topoisomerase II inhibition, and antimalarial activity [3] [4] [5] [6] [7] . Since the 1980s, A-ring oxygenated derivatives of ellipticine (2) have attracted much attention because of their anti-tumor activity [8] . Elliptinium acetate (3) has reached the status of a licensed drug for the treatment of advanced breast cancer [9] . Diverse total syntheses of olivacine (1) have been reported [10] [11] [12] [13] [14] [15] [16] [17] [18] . Surprisingly, the pharmacological potential of olivacine (1) and its oxygenated derivatives (for example 4 and 5) has been much less investigated [19] .
The pyrido [4,3-b] carbazole alkaloid olivacine (1, Figure 1 ) was first isolated in 1958 by Schmutz et al. [1] , and its structural assignment was confirmed by total synthesis only two years later [2] . The tetracyclic alkaloid 1 and many structurally related compounds, for example the isomeric natural product ellipticine (2) , show useful biological activities, such as anti-tumor activity, based on DNA intercalation, topoisomerase II inhibition, and antimalarial activity [3] [4] [5] [6] [7] . Since the 1980s, A-ring oxygenated derivatives of ellipticine (2) have attracted much attention because of their anti-tumor activity [8] . Elliptinium acetate (3) has reached the status of a licensed drug for the treatment of advanced breast cancer [9] . Diverse total syntheses of olivacine (1) have been reported [10] [11] [12] [13] [14] [15] [16] [17] [18] . Surprisingly, the pharmacological potential of olivacine (1) and its oxygenated derivatives (for example 4 and 5) has been much less investigated [19] . Although 9-hydroxyolivacine (5) is the main derivative produced by the metabolic conversion of olivacine (1) [3] , derivatives of olivacine (1) with A-ring substitution have been not described extensively in the literature [3, 11, 13, 20] . This may be because the syntheses of pyrido [4,3-b] carbazoles usually involve the annulation of an isoquinoline or a pyridine at an indole or carbazole framework [8, 10, 11] . Thus, a facile variation of the substitution pattern at ring A is not easy to accomplish. Herein, we present a novel route for the synthesis of the tetracyclic pyrido [4,3-b] carbazole framework [21] .
Results and Discussion
For a convergent access to various A-ring substituted derivatives, we envisaged a late-stage B-ring construction of the pyrido [4,3-b] carbazole framework. Therefore, we applied the two-step sequence of palladium-catalyzed reactions developed by our group for carbazole assembly: synthesis of a diarylamine via Buchwald-Hartwig coupling of appropriate anilines 7 with a substituted isoquinoline 8 followed by oxidative cyclization to the pyrido [4,3-b] carbazoles 6 (Scheme 1) [11] . The isoquinoline 8 would be available by Bischler-Napieralski cyclization of the arylethylamine 9 via the corresponding acetamide. Henry reaction of an appropriately substituted benzaldehyde 10 and subsequent reduction should afford the arylethylamine 9. As the Bischler-Napieralski reaction works best on electron rich aromatic systems, we decided to start from the commercially available methoxy-substituted benzaldehyde 11 (Scheme 2) and to transform the methoxy group into a suitable leaving group at a later stage of our synthesis.
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Scheme 1.
Retrosynthetic analysis for the pyrido [4,3-b] carbazole olivacine and its A-ring derivatives.
Total Synthesis
Starting from the commercial benzaldehyde 11, which can also be obtained in one step and 87% yield from the much cheaper m-anisaldehyde [22] , amide 12 is prepared by a three-step sequence of Henry reaction, lithium aluminum hydride reduction, and N-acetylation (Scheme 2) [23] . BischlerNapieralski cyclization using phosphorus oxychloride led to the corresponding dihydroisoquinoline, which was fully aromatized to 6-methoxy-1,5-dimethylisoquinoline (13) by dehydrogenation with palladium on charcoal in the presence of cyclohexene as additive. Cleavage of the methyl ether afforded the isoquinolinol, which on reaction with trifluoromethanesulfonic anhydride provided the known isoquinolinyl triflate 14 [24] in 58% yield over seven steps. Buchwald-Hartwig coupling [25] of the triflate 14 and aniline (15) provided the diarylamine 16 (Scheme 3). However, the oxidative cyclization to afford the pyrido[4,3-b]carbazole framework 
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Starting from the commercial benzaldehyde 11, which can also be obtained in one step and 87% yield from the much cheaper m-anisaldehyde [22] , amide 12 is prepared by a three-step sequence of Henry reaction, lithium aluminum hydride reduction, and N-acetylation (Scheme 2) [23] . BischlerNapieralski cyclization using phosphorus oxychloride led to the corresponding dihydroisoquinoline, which was fully aromatized to 6-methoxy-1,5-dimethylisoquinoline (13) by dehydrogenation with palladium on charcoal in the presence of cyclohexene as additive. Cleavage of the methyl ether afforded the isoquinolinol, which on reaction with trifluoromethanesulfonic anhydride provided the known isoquinolinyl triflate 14 [24] in 58% yield over seven steps. The cyclization reaction of the diarylamine 18a with catalytic amounts of palladium(II) acetate in the presence of P(tBu)3·HBF4 and K2CO3 in DMA at 110 °C or in DMF at 120 °C [31, 32] proceeded very slowly and gave the product in only moderate yields after 1-2 days (Table 1 , entries 1 and 4). Hydrodehalogenation leading to compound 16 was the major side reaction. Using only slightly higher temperatures (130-140 °C), the reaction proceeded much faster, and the yields for olivacine (1) were significantly better (Table 1 , entries 2, 5, and 6). Finally, using larger amounts of the catalyst combined with shorter reaction times, olivacine (1) was obtained in 71% yield. The structure of 1 was confirmed by an X-ray crystal structure determination ( Figure 3 ). The cyclization reaction of the diarylamine 18a with catalytic amounts of palladium(II) acetate in the presence of P(tBu) 3 ·HBF 4 and K 2 CO 3 in DMA at 110 • C or in DMF at 120 • C [31, 32] proceeded very slowly and gave the product in only moderate yields after 1-2 days (Table 1 , entries 1 and 4). Hydrodehalogenation leading to compound 16 was the major side reaction. Using only slightly higher temperatures (130-140 • C), the reaction proceeded much faster, and the yields for olivacine (1) were significantly better (Table 1 , entries 2, 5, and 6). Finally, using larger amounts of the catalyst combined with shorter reaction times, olivacine (1) was obtained in 71% yield. The structure of 1 was confirmed by an X-ray crystal structure determination ( Figure 3 ). The cyclization reaction of the diarylamine 18a with catalytic amounts of palladium(II) acetate in the presence of P(tBu)3·HBF4 and K2CO3 in DMA at 110 °C or in DMF at 120 °C [31, 32] proceeded very slowly and gave the product in only moderate yields after 1-2 days (Table 1 , entries 1 and 4). Hydrodehalogenation leading to compound 16 was the major side reaction. Using only slightly higher temperatures (130-140 °C), the reaction proceeded much faster, and the yields for olivacine (1) were significantly better (Table 1 , entries 2, 5, and 6). Finally, using larger amounts of the catalyst combined with shorter reaction times, olivacine (1) was obtained in 71% yield. The structure of 1 was confirmed by an X-ray crystal structure determination ( Figure 3 ). Application of these conditions to the cyclization of the diarylamines 18b and 18c provided 8-methoxyolivacine (19b) and 9-methoxyolivacine (19c) in 65% and 62% yield, respectively (Scheme 4). The structure of 8-methoxyolivacine (19b) was additionally confirmed by an X-ray analysis of single crystals ( Figure 4 ). 9-Methoxyolivacine (19c) is a natural product that was isolated in 1967 from the bark of the coastal Venezuelan tree Aspidosperma vargasii A. DC. [33] , and has been synthesized previously [3, 13, 20] . Interestingly, the 11bH-pyrido[3,4-c]carbazoles 20a-c containing a quaternary carbon atom were obtained as byproducts of the cyclization reactions of the diarylamines 18a-c in up to 12% yield. The structural assignments for the 11bH-pyrido[3,4-c]carbazoles 20a-c were supported by two-dimensional (2D) NMR (COSY, HMBC, HSQC, NOESY) spectroscopic studies (see Supplementary Materials). The compounds 20a-c result from an attack at the C5 carbon atom of the isoquinoline moiety. Cleavage of the methyl ether of 19b and 19c provided 8-hydroxyolivacine (4) and 9-hydroxyolivacine (5) [3] in 84% and 70% yield, respectively. For biological testing, the products were additionally purified by HPLC. Application of these conditions to the cyclization of the diarylamines 18b and 18c provided 8-methoxyolivacine (19b) and 9-methoxyolivacine (19c) in 65% and 62% yield, respectively (Scheme 4). The structure of 8-methoxyolivacine (19b) was additionally confirmed by an X-ray analysis of single crystals (Figure 4 ). 9-Methoxyolivacine (19c) is a natural product that was isolated in 1967 from the bark of the coastal Venezuelan tree Aspidosperma vargasii A. DC. [33] , and has been synthesized previously [3, 13, 20] . Interestingly, the 11bH-pyrido[3,4-c]carbazoles 20a-c containing a quaternary carbon atom were obtained as byproducts of the cyclization reactions of the diarylamines 18a-c in up to 12% yield. The structural assignments for the 11bH-pyrido[3,4-c]carbazoles 20a-c were supported by two-dimensional (2D) NMR (COSY, HMBC, HSQC, NOESY) spectroscopic studies (see Supplementary Materials). The compounds 20a-c result from an attack at the C5 carbon atom of the isoquinoline moiety. Cleavage of the methyl ether of 19b and 19c provided 8-hydroxyolivacine (4) and 9-hydroxyolivacine (5) [3] in 84% and 70% yield, respectively. For biological testing, the products were additionally purified by HPLC. 
Biological Activity
A weak inhibitory activity against Mycobacterium tuberculosis was described in early reports for some simple tricyclic carbazole alkaloids [34] [35] [36] . Based on that work, we investigated the inhibitory activity of a range of oxygenated carbazole alkaloids and their derivatives, and found very promising results for several compounds [37] [38] [39] . Therefore, we also tested olivacine (1) and its oxygenated derivatives 4, 5, 19b, and 19c for their inhibition of M. tuberculosis (Table 2) . (4) n.d. 4 n.d. 3 Selectivity index: SI = IC50/MIC90. 4 These compounds showed no significant inhibition in a 
A weak inhibitory activity against Mycobacterium tuberculosis was described in early reports for some simple tricyclic carbazole alkaloids [34] [35] [36] . Based on that work, we investigated the inhibitory activity of a range of oxygenated carbazole alkaloids and their derivatives, and found very promising results for several compounds [37] [38] [39] . Therefore, we also tested olivacine (1) and its oxygenated derivatives 4, 5, 19b, and 19c for their inhibition of M. tuberculosis (Table 2) . In a preliminary activity test against M. tuberculosis, only two of the five pyrido [4,3-b] carbazoles, namely olivacine (1) and 9-methoxyolivacine (19c), showed significant effects and have been studied further. The minimum concentrations effecting a 90% inhibition of growth (MIC 90 ) of the M. tuberculosis strain H 37 Rv were determined by the microplate Alamar blue assay (MABA) [40, 41] . The in vitro cytotoxicity towards mammalian (vero) cells was determined as described previously [40, 42] .
The MIC 90 value for 3-methoxy-2-methylcarbazole-1,4-quinone served as a benchmark for comparison with the inhibitory activities of carbazoles that were found in our previous studies [39] .
Although olivacine (1) shows an activity comparable to our benchmark compound, the SI value is considerably lower (SI = 3.8) due to its toxicity. However, 9-methoxyolivacine (19c) exhibits a strong inhibition of M. tuberculosis (MIC 90 = 1.5 µM) combined with a lower cytotoxicity towards mammalian cells, which leads to a very good selectivity index (SI = 16.3).
Materials and Methods

General
All of the reactions were carried out in oven-dried glassware using anhydrous solvents under an argon atmosphere, unless stated otherwise. CH 2 Cl 2 , THF, and toluene were dried using a solvent purification system (MB-SBS, M. Braun Inertgas-Systeme GmbH, Garching, Germany). The petroleum ether that was used refers to the hydrocarbon mixture with a boiling range of 40-65 • C. Pd(OAc) 2 was recrystallized from glacial AcOH. All of the other chemicals were used as received from commercial sources. A microwave reactor (CEM Discover, CEM GmbH, Kamp-Lintfort, Germany) was utilized for reactions taking place under microwave irradiation. Flash chromatography was performed using silica gel (0.035-0.070 mm) from Acros Organics (Thermo Fisher Scientific, Waltham, MA, USA). Alox N (aluminum oxide 90 active neutral) was obtained from Merck (Merck KGaA, Darmstadt, Germany). TLC was performed with TLC plates (silica gel 60 F 254 ) from Merck (Merck KGaA, Darmstadt, Germany) using UV light for visualization. Melting points were measured on a Gallenkamp MPD 350 melting point apparatus (A. Gallenkamp & Co. Ltd, London, UK). Ultraviolet spectra were recorded on a PerkinElmer 25 UV/Vis spectrometer (Perkin Elmer, Waltham, MA, USA). Fluorescence spectra were obtained using a Varian Cary Eclipse spectrometer (Agilent, Santa Clara, CA, USA). IR spectra were recorded on a Thermo Nicolet Avatar 360 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) using the ATR method (Attenuated Total Reflectance). NMR spectra were recorded on Bruker DRX 500 (Bruker Corp., Billerica, MA, USA) and Avance III 600 (Bruker Corp., Billerica, MA, USA) spectrometers. Chemical shifts δ are reported in parts per million (ppm) with the solvent signal as an internal standard. Standard abbreviations were used to denote the multiplicities of the signals. MS and HRMS (EI) were recorded on a Finnigan MAT-95 spectrometer (electron impact, 70 eV, Thermo Fisher Scientific, Waltham, MA, USA) or by GC/MS-coupling using an Agilent Technologies 6890 N GC System equipped with a 5973 Mass Selective Detector (electron impact, 70 eV, Agilent Technologies, Santa Clara, CA, USA). ESI-MS spectra were recorded on an Esquire LC with an ion trap detector from Bruker (Bruker Corp., Billerica, MA, USA). Positive and negative ions were detected. ESI-HRMS were recorded using a Q-TOF 6538 (Agilent Technologies, Santa Clara, CA, USA). Elemental analyses were measured on an EuroVector EuroEA3000 elemental analyzer (Eurovector Srl, Pavia, Italy). X-ray crystal structure analyses were performed with a Bruker-Nonius Kappa CCD (Bruker Corp., Billerica, MA, USA) that was equipped with a 700 series Cryostream low-temperature device from Oxford Cryosystems (Oxford Cryosystems Ltd, Long Hanborough, UK). SHELXS-97 [43] , SADABS version 2.10 [44] , SHELXL-97 [45] , POV-Ray for Windows version 3.7.0.msvc10.win64 (Persistence of Vision Raytracer Pty. Ltd, Williamstown, Australia), and ORTEP-3 for Windows [46] (University of Glasgow, Glasgow, UK) were used as software.
Procedures
1-Methoxy-2-methyl-3-(2-nitrovinyl)benzene. Nitromethane (427 mg, 6.99 mmol) and freshly sublimated ammonium acetate (433 mg, 5.62 mmol) were added to a solution of 3-methoxy-2-methylbenzaldehyde (11, 800 mg, 5.33 mmol) in acetic acid (645 mg, 10.74 mmol), and the mixture was stirred at 80 • C for 1 h 50 min. After cooling to room temperature, the precipitate was dissolved by adding ethyl acetate. The mixture was transferred to a separatory funnel, and then washed twice with water and brine. The aqueous layer was extracted with ethyl acetate, the combined organic layers were dried (magnesium sulfate), and the solvent was evaporated. Purification of the residue by column chromatography (silica gel, petroleum ether/ethyl acetate, 1% to 15% ethyl acetate) provided 1-methoxy-2-methyl-3-(2-nitrovinyl)benzene (791 mg, 4 
2-(3-Methoxy-2-methylphenyl)ethanamine.
Over a period of 1 h, a solution of 1-methoxy-2-methyl-3(2-nitrovinyl)benzene (6.79 g, 35.2 mmol) in THF (95 mL) was added to a suspension of lithium aluminum hydride (6.83 g, 180 mmol) in THF (360 mL) at 0 • C. The cooling bath was removed, and the mixture was heated for 30 min at room temperature and 18 h at reflux. A second portion of lithium aluminum hydride (0.35 g, 9.1 mmol) was added to the slightly reddish-colored solution, and the mixture was heated at reflux for an additional hour. After cooling to room temperature, the reaction mixture was carefully quenched with saturated aqueous ammonium chloride, and the pH value was adjusted to nine. Diethyl ether was added, and the mixture was transferred into a separatory funnel. Still under argon, the layers were separated, and the aqueous layer was extracted three times with diethyl ether. The combined organic layers were washed with water and brine, dried (magnesium sulfate), and the solvent was evaporated to provide 2-(3-methoxy-2-methylphenyl)ethanamine (5. (12) . DMAP (14 mg, 0.11 mmol) was added to a solution of 2-(3-methoxy-2-methylphenyl)ethanamine (230 mg, 1.14 mmol) in pyridine (4.5 mL), and the mixture was cooled to 0 • C. Acetic anhydride (140 µL, 15 mmol) was added dropwise over a period of five minutes, and the reaction mixture was stirred for 4 h. The solvent was evaporated, and the raw material was purified by chromatography (Alox N, 5% H 2 O; ethyl acetate) to provide 2-(3-methoxy-2-methylphenyl)ethyl acetamide (12, 6-Methoxy-1,5-dimethyl-3,4-dihydroisoquinoline. Phosphorus oxychloride (1.9 mL, 21 mmol) was added to a refluxing solution of acetamide 12 (433 mg, 2.09 mmol) in freshly distilled chloroform (23 mL), and the mixture was stirred for one hour. Subsequently, solvent and excess phosphorus oxychloride were removed under vigorous stirring by a nitrogen stream through a pair of soda lye-filled gas washing bottles. The remaining oily raw product was dissolved in ethyl acetate. Soda lye (10%) was added, and the pH value was adjusted to 8-9 using saturated aqueous ammonium chloride. The layers were separated, and the aqueous layer was extracted with ethyl acetate. The combined organic layers were washed with water and brine, and then dried (magnesium sulfate), and the solvent was 1,5-Dimethylisoquinolin-6-ol. For small amounts: In a microwave tube, a mixture of 6-methoxy-1,5-dimethylisoquinoline (13, 45 mg, 0.24 mmol) and pyridinium chloride (1 g, 8 mmol) was irradiated at 155 • C (300 W) for 30 min. After cooling to room temperature, the mixture was dissolved in water and ethyl acetate, and neutralized with a saturated aqueous solution of sodium bicarbonate. The layers were separated, and the aqueous layer was carefully extracted with ethyl acetate. The combined organic layers were dried (magnesium sulfate), and the solvent was evaporated to give 1,5-dimethylisoquinolin-6-ol (40 mg, 0.23 mmol, 96%) as a brownish solid.
2-(3-Methoxy-2-methylphenyl)ethyl acetamide
For larger amounts: Freshly distilled hydrobromic acid (22 mL, 0.19 mol) was carefully added at 0 • C to 6-methoxy-1,5-dimethylisoquinoline (13, 3.01 g, 16.1 mmol). After the addition was completed, the cooling bath was removed, and the mixture was heated at reflux for five hours. Then, the excess of hydrobromic acid was removed under vacuo. The brownish raw material was completely dissolved in water (115 mL, ultrasound), filtered, and neutralized by the dropwise addition of a saturated aqueous solution of sodium bicarbonate. The resulting solid was carefully washed with water and dried in vacuo to provide 1,5-dimethylisoquinolin-6-ol (2.49 g, 14.4 mmol, 89%) 1808 (br), 1617, 1599, 1564, 1479, 1423, 1385, 1356, 1337, 1279, 1202, 1057, 1006, 939, 813, 774, 718 1,5-Dimethylisoquinolin-6-yl trifluoromethanesulfonate (14) . Pyridine (1.1 mL, 12 mmol) was added to a suspension of 1,5-dimethylisoquinolin-6-ol (0.60 g, 3.5 mmol) in acetonitrile (66 mL) at 0 • C. Subsequently, trifluoromethanesulfonic anhydride (0.87 mL, 5.2 mmol) was added dropwise, and the reaction mixture was stirred at this temperature for 20 h. Ethyl acetate and water were added, and the layers were separated. The aqueous layer was extracted three times with ethyl acetate. The combined organic layers were washed with water and brine, and then dried (sodium sulfate). The solvent was evaporated, and the residue was purified by column chromatography (silica gel, pentane/ethyl acetate, 1:1) to provide 1,5-dimethylisoquinolin-6-yl trifluoromethanesulfonate (14, N-(2-Chloro-4-methoxyphenyl)-1,5-dimethylisoquinolin-6-amine (18c). A solution of 2-chloro-4-methoxyaniline (17c, 127 mg, 0.806 mmol) in toluene (4 mL) was added dropwise to a solution of 1,5-dimethylisoquinolin-6-yl trifluoromethanesulfonate (14, 164 mg, 0.537 mmol), palladium(II) acetate (9 mg, 0.04 mmol), XPhos (38 mg, 81 µmol), and cesium carbonate (245 mg, 0.752 mmol) in toluene (10 mL). The mixture was heated at reflux for one hour. After cooling to room temperature, the reaction mixture was filtered over a short pad of Hyflo (ethyl acetate), and the solvent was evaporated. 8-Hydroxyolivacine (4). 17 .0 mg, 61.5 µmol) was dissolved in 48% aqueous HBr (1.1 mL), and the mixture was heated at reflux for 24 h. After cooling to room temperature, the mixture was carefully neutralized using a 25% aqueous solution of ammonia. The mixture was extracted with ethyl acetate until the aqueous layer was completely colorless. Evaporation of the organic solvent led to a yellow solid, which was purified by chromatography (Alox N, 5% H 2 O, CH 2 Cl 2 /methanol, 1:1) to provide 8-hydroxyolivacine (4, 13.5 mg, 51.5 µmol, 84%) as a yellow solid. An additional purification by preparative HPLC provided very pure 4 (8. 9-Hydroxyolivacine (5). 9-Methoxyolivacine (19c, 38.0 mg, 138 µmol) was dissolved in 48% aqueous HBr (2.3 mL), and the mixture was heated at reflux for 24 h. After cooling to room temperature, the mixture was carefully neutralized using a 25% aqueous solution of ammonia. The mixture was extracted with ethyl acetate until the aqueous layer was colorless. The combined organic layers were washed with water and brine, and then dried (sodium sulfate), and the solvent was evaporated. The residue was purified by column chromatography (silica gel, CH 2 the inhibition of the growth of M. tuberculosis (strain H 37 Rv), 9-methoxyolivacine (19c) proved to be the most active compound, with an MIC 90 value of 1.5 µM and a relatively low toxicity for a mammalian cell line. These initial results indicate that the pyrido [4,3-b] carbazoles are a promising class of compounds for our ongoing search for a carbazole-based tuberculosis drug candidate.
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